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Abstract
MicroRNAs (miRNAs) are a class of small non-coding RNAs that negatively regulate speciﬁc target mRNAs at the
post-transcriptional level. Plant miRNAs have been implicated in developmental processes and adaptations to
environmental stresses. Cadmium (Cd) is a non-essential heavy metal that is highly toxic to plants. To investigate the
responsive functions of miRNAs under Cd stress, miRNA expression in Cd-stressed rice (Oryza sativa) was proﬁled
using a microarray assay. A total of 19 Cd-responsive miRNAs were identiﬁed, of which six were further validated
experimentally. Target genes were also predicted for these Cd-responsive miRNAs, which encoded transcription
factors, and proteins associated with metabolic processes or stress responses. In addition, the mRNA levels of
several targets were negatively correlated with the corresponding miRNAs under Cd stress. Promoter analysis
showed that metal stress-responsive cis-elements tended to occur more frequently in the promoter regions of Cd-
responsive miRNAs. These ﬁndings suggested that miRNAs played an important role in Cd tolerance in rice, and
highlighted a novel molecular mechanism of heavy metal tolerance in plants.
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Introduction
Cadmium (Cd) is a widespread heavy metal pollutant in the
environment, originating mainly from industrial processes
and phosphate fertilizers (Pinto et al.,2 0 0 4 ). Cd can be easily
taken up by plants, resulting in various toxicity symptoms,
such as chlorosis, wilting, growth reduction, and cell death
(Sandalio et al.,2 0 0 1 ; Rodriguez-Serrano et al.,2 0 0 9 ). The
cellular toxicity caused by Cd might result from interactions
with the carboxyl or thiol groups of proteins (Sanita ` di Toppi
and Gabbrielli, 1999) and the generation of reactive oxygen
species (ROS), inducing oxidative stress (Schu ¨tzendu ¨bel
et al.,2 0 0 1 ; Schu ¨tzendu ¨bel and Polle, 2002). Plants possess
a range of mechanisms involved in Cd detoxiﬁcation,
including metal transport, chelation, and sequestration
(Clemens, 2001; Hall, 2002). For example, the natural
resistance-associated macrophage protein (Nramp) trans-
porter was reported to function in Cd uptake in Arabidopsis
thaliana (Thomine et al.,2 0 0 0 ), whereas the intracellular
chelation of Cd by glutathione (GSH) and phytochelatins
(PCs) represented a ubiquitous detoxiﬁcation strategy adop-
ted by many plant species (Cobbett and Goldsbrough, 2002).
Detoxiﬁcation can also be achieved by proline synthesis
(Siripornadulsil et al.,2 0 0 2 ). Although some of the molecules
involved in Cd tolerance have been identiﬁed, the regulatory
mechanisms involved are still largely unknown.
Recently, microRNAs (miRNAs), a large family of
endogenous small RNAs, were reported to have crucial
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Ambros, 2003; Bartel, 2004). miRNAs arise from hairpin-
structured precursors after two sequential cleavages carried
out by DICER-LIKE1 (DCL1) in plants, or Drosha and
Dicer in animals (Reinhart et al., 2002; Bartel, 2004; Jones-
Rhoades et al., 2006). Mature miRNAs are incorporated
into the RNA-induced silencing complex (RISC) to nega-
tively regulate the expression of speciﬁc mRNA targets
through mRNA cleavage, decay, or translational repression.
In plants, miRNAs generally interact with their targets
through perfect or near-perfect complementarity and lead
to target mRNA cleavage (Rhoades et al.,2 0 0 2 ; Carrington
and Ambros, 2003; Schwab et al., 2005). Functional studies
showed that miRNAs are implicated in most of the essential
physiological processes in plants, including organ develop-
ment, signal transduction, and the stress response (Aukerman
and Sakai, 2003; Palatnik et al.,2 0 0 3 ; Guo et al., 2005;
Sunkar and Zhu, 2004; Lu et al.,2 0 0 5 ).
Abiotic stresses, such as drought, cold, and heavy metals,
cause a rapid and excessive release of ROS in plant cells
(Apel and Hirt, 2004). Evidence also suggested that mi-
RNAs in plants responded to abiotic stresses (Sunkar and
Zhu, 2004; Lu et al., 2005). For example, miR395 and
miR399 were induced by sulphate and phosphate starva-
tion, respectively (Jones-Rhoades and Bartel, 2004; Fujii
et al., 2005; Chiou et al., 2006): miR395 participated in
sulphate assimilation and allocation (Jones-Rhoades and
Bartel, 2004), and miR399 was crucial in maintaining
phosphate homeostasis (Fujii et al.,2 0 0 5 ; Chiou et al.,
2006). Research also indicated that miR168, miR171, and
miR396 were responsive to high salinity, drought, and cold
stress in Arabidopsis (Liu et al., 2008). Several abiotic
stresses, including excess heavy metals, led to oxidative
stress by generating ROS in plants (Dietz et al., 1999), and
miRNAs were shown to be important for plant responses to
heavy metal stress (Sunkar and Zhu, 2004; Sunkar et al.,
2006; Ding and Zhu, 2009). Northern blot analysis showed
that the expression of miR398 in Arabidopsis was down-
regulated by heavy metals, such as copper (Cu) and iron
(Fe), and was important for accumulation of Cu, Zn-
superoxide dismutase (CSD), a scavenger of superoxide
radicals (Sunkar et al., 2006). Through PCR-based analyses,
miR393 and miR171 responded to heavy metals in Brassica
napus (Xie et al., 2007; Huang et al., 2010)a n dMedicago
truncatula (Zhou et al., 2008). Additionally, Huang et al.
(2009) isolated 19 potential novel miRNAs that were re-
sponsive to Cd by using conventional sequencing approaches.
However, the methods used so far for identifying metal-
responsive miRNAs [i.e. northern blot, reverse transcription-
PCR (RT-PCR), and conventional sequencing] had several
disadvantages, such as not being sensitive enough to identify
miRNAs at low expression levels, and not suitable for large-
scale detection, while microarray analysis is one of the most
widely used strategies for the high-throughput analysis of
miRNA expression patterns. By using microarray technology,
it is possible to carry out a large-scale survey of the expression
patterns of all the annotated miRNAs in a given plant species
(Zhao et al.,2 0 0 7 ; Liu et al.,2 0 0 8 ).
Rice (Oryza sativa) is a major cereal crop and produces
food for many populations of the world. However, Cd
pollution in the soil affects the rice yield and grain quality in
many areas. Several rice miRNAs have been reported to
play roles in responses to oxidative stresses, such as drought
stress (Zhao et al., 2007). However, knowledge of the role of
miRNAs in response to Cd stress in rice is still limited. In
this study, 19 Cd-responsive miRNAs were identiﬁed in rice
by using miRNA microarray analysis, of which six were
further validated experimentally by quantitative real-time
PCR (qPCR); results from both experiments were consistent.
The ﬁne-scale expression analysis of Cd-responsive miRNA
targets and the search for metal-responsive elements (MREs)
in the miRNA promoters provided molecular evidence for
the potential involvement of certain miRNAs in Cd toler-
ance in rice. Together, the identiﬁcation of Cd-responsive
miRNAs and their targets could help to uncover the
molecular mechanisms of Cd tolerance in plants.
Materials and methods
Rice growth and treatment
Wild-type rice Zhonghua 11 (O. sativa L. subsp. japonica) seeds
were sterilized with 3% sodium hypochlorite for 20 min and
washed thoroughly with distilled water. After germination at 30  C
in the dark, the seeds were grown under a 13 h light (29  C)/11 h
dark (22  C) photoperiod. For Cd stress experiments, 7-day-old
seedlings were exposed to 60 lM CdCl2 for 24 h. Roots were
harvested as a pool for each sample at 0, 3, 6, 12, and 24 h after
Cd treatment. Seedlings not treated with Cd served as controls.
Total RNA was extracted from 7-day-old rice roots with Trizol
reagent (Invitrogen).
Microarray assay analysis
The miRNA microarray assays were performed by a service
provider, LC Sciences (http://www.lcsciences.com). Chip hybrid-
ization experiments were carried out in duplicate initiated from
different biological samples. Based on mature miRNA sequences
of rice downloaded in miRBase Release 11.0 (http://microrna
.sanger.ac.uk/), probes were designed to detect Cd-inducible rice
miRNAs on microarray chips. The microarray contained 115
probes that were complementary to the miRNAs in rice. Each
probe was repeated three times on the chip to ensure microarray
reproducibility. For microarray quality control, 5S rRNA was
designed as the inner positive control; blank and non-homologous
nucleic acids served as negative controls. Sufﬁcient RNA for two
biological replicates was extracted to run the microarray experi-
ments.
Total RNA from rice roots treated with 60 lM CdCl2 for 6 h
and of the control was isolated with Trizol reagent (Invitrogen)
and size fractionated using a YM-100 Microcon centrifugal ﬁlter
(Millipore). The small RNAs (<300 nucleotides) were 3’-extended
with a poly(A) tail using poly(A) polymerase. An oligonucleotide
tag was then ligated to the poly(A) tail for later ﬂuorescent dye
staining. The puriﬁed small RNAs were labelled with Cy3 (control)
and Cy5 (treated) ﬂuorescent dyes. Hybridization was performed
overnight on a lParaFlo microﬂuidic chip using a microcirculation
pump (Atactic Technologies). The hybridization melting temper-
atures were balanced by chemical modiﬁcations of the detection
probes. Hybridization used 100 llo f6 3 SSPE buffer (0.90 M
NaCl, 60 mM Na2HPO4, 6 mM EDTA, pH 6.8) containing 25%
formamide at 34  C. After hybridization, signals were detected
using tag-speciﬁc Cy3 and Cy5 dyes. Hybridization images were
collected using a laser scanner (GenePix 4000B, Molecular Device)
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Data were analysed by subtracting the background and then
normalizing signals using a LOWESS ﬁlter (locally weighted
regression). For the two-colour experiments, the ratio of the two
sets of detected signals (log2 transformed and balanced) and t-test
P-values were calculated; differentially detected signals were those
with P-values <0.01. To identify Cd-induced miRNAs, a criterion
of fold change >1.5 and P-values <0.01 was used.
Quantitative real-time PCR assay
The time course of miRNA expression was examined by qPCR
experiments. Total RNA was isolated from roots of controls and
treated plants at 0, 3, 6, 12, and 24 h after Cd exposure and treated
with 5 U of RNase-free DNase I (TaKara) to remove DNA
contamination from the RNA. Real-time PCRs were carried out
on a LightCycler480 machine (Roche, Shanghai, China) (parame-
ters: 95  C for 1 min, followed by 45 cycles of 95  C for 10 s, 58  C
for 15 s, and 72  C for 15 s). All reactions were done in triplicate. U6
was chosen as the control for small RNAs. The stem–loop reverse
transcription primers were designed following the method described
by Chen et al. (2005). Brieﬂy, six nucleotide tips pairing with the
mature miRNA 3’ end were linked to a self-looped sequence
(GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCA
CTGGATACGAC) to make up the stem–loop reverse transcrip-
tion primer. The primer was hybridized to a miRNA molecule and
then reverse transcribed with PrimeScript reverse transcriptase
(TaKara, Japan). PCR primers, including a miRNA-speciﬁc
forward primer and a reverse primer, were then added to amplify
the PCR products. The sequences of stem–loop reverse transcrip-
tase primers and miRNA-speciﬁc PCR primers are listed in
Supplementary Table S2 available at JXB online.
The expression analysis of several target genes was also performed
by qPCR. DNase I-treated RNA was reverse transcribed using an
oligo(dT) primer and a PrimeScript  RT reagent kit (TaKara,
Japan) to generate cDNA. The target gene primers were then added
to perform the PCR. Real-time PCR was carried out using SYBR
Premix Ex Taq  (TaKara, Japan) for detection of PCR products.
Quantiﬁcation of gene expression was done using the comparative
CT method. Experiments were performed in triplicate and the results
were represented by means 6SE of three replicates. b-Actin was
chosen as a reference gene. The primer pairs for the ampliﬁcation of
b-actin and several target genes were as follows: b-actin forward,
5#-GCCGTCCTCTCTCTGTATGC-3#; reverse, 5#-GGGGACAG
TGTGGCTGAC-3#; AGO forward, 5#-CCCCAAGGACAGGAA
CCAG-3#; reverse 5#-GGGCGAACGAAGCAGAG-3#; HD-Zip
forward, 5#-ATGTCAAGAACCTCCCCAG-3#; reverse, 5#-CAC
ACGCAAAAATCACTCA-3#;a n dRLK forward, 5#-CCTTCG
CAAACTTCTCCG-3#;r e v e r s e ,5 #-ACTGCCTCCTTCTCA
ACA-3#.
Semi-quantitative RT-PCR analysis
Total RNA was extracted from 7-day-old seedlings using Trizol
reagent (Invitrogen). Total RNA was reverse transcribed using an
oligo(dT) primer and PrimeScript reverse transcriptase (TaKara)
according to the supplier’s manual. Primers for the six precursor
(pre)-miRNAs were then added to perform the PCR. b-Tubulin
was used as the inner control for RT-PCR. RT-PCR conditions
for b-tubulin ampliﬁcation were as follows: 94  C for 10 min, 25
cycles (94  C for 30 s, 55  C for 45 s, and 72  C for 1 min), then 72
 C for 10 min. Primers used for b-tubulin were as follows: forward,
5#-ACTGGTTCTGGTATGGGTA-3#; and reverse, 5#-TAGTG
TGGCATTGTAAGGT-3# (135 bp). The primer pairs for the
ampliﬁcation of pre-miRNAs are shown in Supplementary
Table S3 at JXB online.
miRNA target prediction
Plant miRNAs complement their target mRNAs by perfect or
near-perfect base pairing. Based on a sequence similarity search,
a web-based computing system, miRU (http://bioinfo3.noble.org/
miRNA/miRU.htm)( Zhang, 2005), was used to predict target
mRNAs for the Cd-responsive miRNAs by mature miRNA
sequences. The miRU program reports all potential sequences,
with mismatches no more than speciﬁed for each mismatch type.
The minimal score among all 20-mers cannot exceed 3.0 with
default parameters. The conservation of target complementarity in
other plant species was also used for identiﬁcation of miRNA
targets and further reduction of false positives. The functions of
target genes were obtained from the Rice Genome Annotation
Project (http://rice.plantbiology.msu.edu/index.shtml).
miRNA promoter selection and cis-acting element analysis
Promoters of osa-miRNAs were recruited mainly by following the
rules discussed by Zhou et al. (2007) and Meng et al. (2009). Pre-
miRNA sequences were downloaded from miRBase, miRBase
Release 11.0 (http://microrna.sanger.ac.uk/). First, if a pre-miRNA
and its closest upstream gene were unidirectional (i.e. the same
direction) and the distance between them was >2400 bp, the
2000 bp sequence upstream of the pre-miRNA was retrieved. If
this was not the case, then the sequence between the site 400 bp
downstream of the upstream gene and the miRNA precursor was
used. Secondly, if a pre-miRNA and its closest upstream gene were
convergent (i.e. the opposite direction) and the distance between
them was >4000 bp, the 2000 bp sequence upstream of the
precursor was retrieved. If this was not the case, the sequence
from the pre-miRNA to the middle point between the upstream
gene and the pre-miRNA was obtained. These obtained sequences
were then checked by using PlantCARE (http://bioinformatics.psb.
ugent.be/webtools/plantcare/)( Lescot et al., 2002), a database of
plant cis-acting regulatory elements and a portal for tools for the
in silico analysis of promoter sequences. Metal stress-related cis-
elements were recruited, and the distribution patterns were also
characterized.
Results
Identiﬁcation of Cd-responsive miRNAs in rice
In this study, miRNA microarrays were used to investigate
the expression patterns of miRNAs in rice seedlings under
Cd stress (Fig. 1,a n dSupplementary Table S1 at JXB
online). In general, many miRNAs showed signiﬁcant alter-
ations in expression in response to Cd treatment. Nineteen
miRNAs belonging to 10 families were identiﬁed to be
responsive to Cd. It was found that miRNA members of the
same family had similar expression proﬁles, probably owing
to highly homologous sequences, which were difﬁcult to
distinguish even by using hybridization-based methods.
Among the 19 Cd-responsive miRNAs, only miR528 was
signiﬁcantly up-regulated; the other 18 miRNAs (miR162a,
miR168a, miR168b, miR166m, miR166i, miR166e, miR166k,
miR166g, miR171b, miR171a, miR171g, miR396d, miR390,
miR156l, miR156k, miR156a, miR1432, and miR444b.1)
were down-regulated by Cd stress. These down-regulated mi-
RNAs belong to the miR162, miR168, miR166, miR171,
miR396, miR390, miR156, miR1432, and miR444 families
(Table 1).
Fine-scale validation and time-course analysis of the
Cd-responsive miRNAs
To validate the microarray results, six rice Cd-responsive
miRNAs were selected for further experimental
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miR168b, and miR156l (Fig. 2). Their expression levels
were measured by using qPCR. Semi-quantitative RT-PCR
analysis was also performed to detect the expression of their
pre-miRNAs (precursor miRNAs) (detailed in Supplemen-
tary Fig. S1 at JXB online). Both the qPCR and the RT-
PCR results showed that all of these six miRNAs were
down-regulated after exposure to Cd for 6 h, which was
consistent with the microarray data.
Temporal expression patterns of the six validated miR-
NAs were detected at different time points of Cd treatment
by qPCR (Fig. 2). Seven-day-old rice seedlings were
exposed to 60 lM CdCl2 for 24 h. RNA was isolated from
the treated rice roots and control at 0, 3, 6, 12, and 24 h
after Cd treatment. Real-time PCR analysis demonstrated
that these miRNAs showed different expression patterns
during Cd treatment. In rice roots treated with 60 lM Cd,
miR162a, miR168b, and miR390 started to decrease within
3 h and were down-regulated at 24 h, while miR171b was
up-regulated after 3 h, then down-regulated from 6 h to
24 h after exposure to Cd. The expression of miR166m and
miR156l was down-regulated from 3 h to 12 h after Cd
treatment, and then recovered to normal levels during later
stages. In general, it was shown that expression of these six
miRNAs from roots treated with Cd decreased signiﬁcantly
during the course of treatment compared with the control.
These results suggested the high sensitivity of these miR-
NAs to Cd stress in rice.
Prediction of miRNA targets
To learn more about the roles of the miRNAs in Cd
tolerance, potential miRNA targets were identiﬁed by using
Fig. 1. MicroRNA microarray data. Cy3 indicates the untreated sample; Cy5 indicates the sample after 6 h of Cd stress. Ratio
represents differential expression between the two samples.
Table 1. Cd-responsive miRNA families and members in Oryza
sativa
miRNA family MiR ID Up-/down-regulated
by Cd stress
miR162 miR162a Down
miR528 miR528 Up
miR168 miR168b Down
miR168a Down
miR166 miR166i Down
miR166e Down
miR166m Down
miR166k Down
miR166g Down
miR171 miR171g Down
miR171b Down
miR171a Down
miR390 miR390 Down
miR396 miR396d Down
miR156 miR156l Down
miR156k Down
miR156a Down
miR444 miR444b.1 Down
miR1318 miR1432 Down
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2005). One interesting observation was that many of the
predicted target genes of the Cd-responsive miRNAs encode
transcription factors belonging to various families (Table 2).
Fig. 2. Quantitative real-time PCR analysis of miRNA levels in rice roots in response to Cd. (A) miR168b. (B) miR162a. (C) miR171b. (D)
miR390. (E) miR156l. (F) miR166m. RNA samples were extracted from the treated rice roots (dashed line) and the untreated control (solid
line) at the indicated time points and then analysed by qPCR. The expression levels of miRNAs were normalized to the level of U6
snRNA.
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and miR444), whose target genes encode transcription
factors, were all down-regulated in response to Cd exposure.
This indicated that their corresponding transcription factor
genes were activated, which, in turn, regulated the expression
of speciﬁc protein-encoding genes and led to enhanced Cd
tolerance. miR166 was predicted to target homeodomain-
leucine zipper (HD-Zip) transcription factors, which had
been characterized as being crucial for lateral root de-
velopment and leaf polarity in Arabidopsis (Hawker and
Bowman, 2004; Jones-Rhoades and Bartel, 2004). Moreover,
the HD-Zip transcription factors in Arabidopsis were
reported to be regulated by water deﬁcit, osmotic stress, and
exogenous abscisic acid (ABA) treatments (Henriksson
et al., 2005). miR171 was found to target Scarecrow-like
transcription factors controlling ﬂoral development
(Reinhart et al., 2002; Rhoades et al., 2002). miR444b.1 was
predicted to target MADS-box transcription factors, which
had a broad spectrum of biological functions, including
coping with salinity and cold stress conditions (Kuo et al.,
1997; Lozano et al., 1998).
The results also showed that several target genes of the
Cd-responsive miRNAs encode proteins that function in
diverse biological processes. For example, EF-hand proteins
and leucine-rich repeat (LRR) receptor protein kinases were
reported to be involved in signal transduction as well as in
external or endogenous stimulus responses (Tichtinsky et al.,
2003; Osakabe et al., 2005; Lu et al., 2008). DCL1 and
ARGONAUTE (AGO) proteins, which were indispensable
factors during miRNA processing and functioning, were
predicted to be targeted by miR162 and miR168, respec-
tively. These results suggested that feedback regulation
played a role in miRNA activity under Cd-stressed con-
ditions in rice.
Expression analysis of target genes
To investigate whether the predicted target genes were
actually regulated by Cd-responsive miRNAs, the expres-
sion levels of three targets [AGO (the target of miR168),
HD-Zip (the target of miR166), and RLK (the target of
miR390)] were measured in rice seedlings exposed to 60 lM
Cd from 0 h to 24 h by using qPCR. As shown in Fig. 3A
and B, the abundance of AGO and HD-Zip transcripts
increased, whereas the expression of miR168 and miR166
was inhibited from 3 h to 24 h after exposure to Cd.
Additionally, changes in miR390 abundance had a negative
effect on the abundance of RLK at the four treatment time
points during Cd stress (Fig. 3C). The proﬁles of miRNAs
(miR168, miR166, and miR390) and target transcripts
(AGO, HD-Zip, and RLK) were complementary, but not
exactly opposite, to each other (i.e. the time point showing
the higher level of miRNA accumulation did not coincide
with the lower accumulation of target mRNA). Together,
the negatively correlated expression patterns between miR-
NAs and their targets further validated the regulatory role
of miRNAs on their targets, and indicated the role of
miRNAs in Cd tolerance of rice seedlings.
Identiﬁcation of the metal stress-responsive
cis-elements in the miRNA promoters
To date, cis-acting elements and trans-acting factors in-
volved in stress-induced gene expression have been analysed
extensively (Kasuga et al., 1999; Zhang et al., 2005; Zhao
et al., 2007). In this study, the potential stress-responsive
elements in the promoters of the Cd-responsive miRNA
genes were investigated. First, the promoters of all the rice
miRNAs were obtained (Supplementary Fig. S2 at JXB
online) according to the rules proposed by Zhou et al.
(2007) and Meng et al. (2009). Cis-acting elements in the
miRNA promoters were then searched by using Plant-
CARE (Lescot et al., 2002). For the analysis of metal-
speciﬁc cis-acting elements, the MREs were recruited, and
their distribution patterns were characterized (Table 3). In
animals, metallothionein (MT) genes were regulated tran-
scriptionally based on the MREs in their promoter regions,
which comprised a highly conserved heptanucleotide core
(5#-TGCRCNC-3#) and less conserved ﬂanking sequences
(Stuart et al., 1985; Searle et al., 1987; Qi et al., 2007). In
this study, an MRE-like sequence (5#-TGCGCNC-3#),
similar to the conserved core MRE sequence in animals
(Stuart et al., 1985), was identiﬁed in the promoters of most
of Cd-responsive miRNA genes. Furthermore, MRE
sequences had distributions that were family speciﬁc, mainly
Table 2. Predicted targets of Cd-responsive miRNAs and their function annotations
MiR ID Targets Target function
miR162a DCL1 miRNA processing
miR528 OsDCL1 miRNA processing
miR168b/a ARGONAUTE protein miRNA processing; plant development
miR166i/e/m/k/g HD-Zip transcription factors Lateral root development and leaf polarity
miR171g/b/a Scarecrow-like transcription factors Floral development
miR390 Leucine-rich repeat receptor-like protein kinases Signal transduction; stimulus response
miR396d Growth regulating factor transcription factors,
rhodenase-like proteins, kinesin-like protein B
Flower and leaf development
miR156l/k/a Squamosa-promoter-binding protein transcription factors Plant phase transition; shoot development
miR444b.1 MADS-box transcription factors Unknown
miR1432 EF-hand proteins Signal transduction
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families (Supplementary Table S4 at JXB online). To clarify
whether the MREs had a highly speciﬁc occurrence in the
identiﬁed Cd-responsive miRNA families (Table 3), all rice
miRNA promoters (Supplementary Fig. S2) were included
for MRE distribution frequency calculation (Supplementary
Table S4). The results indicated that MREs were present
more frequently in Cd-related miRNA families than in
other miRNA families (0.58 MREs per each Cd-related
miRNA promoter versus 0.16 MREs per each additional
miRNA promoter). This difference was signiﬁcant (t-test,
P¼0.01793). However, not all of the promoters of the Cd-
related miRNA genes had MREs (Table 3). One possibility
was that there were some metal-responsive cis-elements,
other than the known MREs, which were also responsible
for heavy metal signal transduction.
In the present study, several potential cis-acting elements
responsive to other environmental signals were also identi-
ﬁed in the promoters of the Cd-related miRNA genes. As
shown in Supplementary Table S5 at JXB online, stress-
responsive cis-elements in the promoters of the six validated
miRNAs included: ARE (anaerobic-responsive element);
ABRE (ABA-responsive element); GARE (gibberellin-
responsive element); ERE (ethylene-responsive element);
HSE (heat stress-responsive element); and LTR (low
temperature-responsive element). All six validated miRNAs
had AREs in their promoters, which responded to hypoxic,
low temperature, dehydration stress, and submergence
conditions (Dolferus et al., 1994; Zhang et al., 2008). The
existence of these putative stress-responsive cis-elements
suggested that these miRNAs might respond to a variety of
environmental signals, including heavy metal stress.
Discussion
Heavy metal pollution is an increasing environmental
problem, and Cd, in particular, is extremely toxic to
plants. To overcome such toxicity, plants use various
strategies to adapt to Cd stress. Numerous studies have
investigated the mechanisms of Cd tolerance of plants
(e.g. Clemens, 2001; Hall, 2002). Recently, miRNAs
emerged as key players in plant responses and adaptation
to heavy metal stress (Jones-Rhoades and Bartel, 2004;
Sunkar and Zhu, 2004; Lu et al., 2005). Thus, whether
miRNAs were involved in Cd tolerance in plants became
Fig. 3. Expression proﬁling analysis of several target genes and
their corresponding miRNAs in rice roots at different times after
exposure to Cd. (A) AGO and miR168b. (B) HD-Zip and miR166m.
(C) RLK and miR390.
Table 3. Metal responsive element (MRE) in the promoters of the
identiﬁed Cd-responsive miRNAs
TGCGCNC (MRE) Site
osa-MIR156l(+) –2000
osa-MIR166e(+) –157
osa-MIR166k(–) –503
osa-MIR171a(+) –1249
osa-MIR528(+) –953
osa-MIR1432 –1505
osa-miR166k(–)complementaryseq –495
osa-miR168a(–)complementaryseq –735
osa-miR168b(+)complementaryseq –179
osa-miR444a complementaryseq –1821
osa-miR528(+)complementaryseq –947
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miRNA microarray assays led to the identiﬁcation of 19
Cd stress-responsive miRNAs in rice. Interestingly, most
of these miRNAs were down-regulated, suggesting that
expression of their target genes was turned on in response
to Cd stress. In M. truncatula, miR166 was reported to be
down-regulated by 80 lM Cd, whereas miR171 was up-
regulated by 80 lMC d( Zhou et al.,2 0 0 8 ). However, in
this study, both miR166 and miR171 in rice were down-
regulated in response to Cd treatment. The differential
expression pattern of miR171 could be attributed to the
different Cd treatment conditions and/or plant species. In
addition, miR156, miR171, and miR396 were reported to
be down-regulated by 80 lMC di nB. napus (Xie et al.,
2007). In Arabidopsis, miR168, miR171, and miR396 were
all regulated by abiotic stresses such as salinity, drought,
a n dc o l d( Liu et al.,2 0 0 8 ). These results implicated that
miR166, miR156, miR171, miR168, and miR396 were
most likely to be involved in the plant response to abiotic
stresses, including heavy metal stress. However, their
exact roles remained to be veriﬁed in future experiments,
such as overexpression or inhibited expression of these
miRNAs.
Microarray data showed that the expression levels of
miR168, miR528, and miR162 changed signiﬁcantly under
Cd stress, and their target genes were reported to be
involved in miRNA biogenesis. miR528 and miR162 were
already known to target the gene encoding the RNA slicer
enzyme DCL1, whereas miR168 was reported to target
AGO1, a key component of the RISC complex in the
miRNA pathway (Vazquez et al.,2 0 0 4 ). Thus, the
signiﬁcantly altered expression of these three miRNAs
(miR528, miR162, and miR168) suggested that negative
feedback regulatory circuits of the miRNA processing/
action pathways might be highly active during Cd stress. It
has been generally assumed that miRNA expression in-
versely correlated with target transcript accumulation.
However, recent reports have revealed more complex
scenarios for miRNA-guided regulation of gene expression
in plants, and the target gene can control miRNA
accumulation besides being regulated by it (Vaucheret
et al., 2006; Sire et al., 2009). The present results are
compatible with this model, since a non-perfect comple-
mentary pattern between miR168 and AGO in rice roots
during Cd treatment was observed (Fig. 3A). The higher
level of miR168 did not coincide with the lower accumula-
tion of AGO at the 12 h time point. These results suggested
the complexity of miRNA/target regulation.
According to the characteristics of the predicted targets
and their functions, the Cd-responsive miRNAs had
a strong propensity to function in plant development, signal
transduction, and abiotic stress responses. A variety of
transcription factors were identiﬁed as the targets of Cd-
related miRNAs. For example, HD-Zip transcription fac-
tors targeted by miR166 were involved in shoot meristem
initiation, leaf polarity establishment, and lateral root
development (Hawker and Bowman, 2004; Prigge et al.,
2005). The HD-Zip transcription factors in Arabidopsis
were also reported to be responsive to water deﬁciency,
osmotic stress, and exogenous ABA treatment (Henriksson
et al., 2005). In rice, the HD-Zip family members were
induced by various environmental stimuli, including
drought and phytohormones (Agalou et al., 2008; Dai
et al., 2008). Liu et al. (2009) reported that miR166 in rice
was down-regulated by gibberellin (GA), followed by the
elevated expression level of HD-Zip. Consistently, in this
study, miR166 was down-regulated, whereas the expression
of a HD-Zip gene was induced in rice roots exposed to
60 lM Cd for 0–24 h (Fig. 3B). This negatively correlated
expression pattern between miR166 and HD-Zip further
validated the regulatory role of miR166 in HD-Zip expres-
sion. In this experiment it was shown that many targets of
Cd-responsive miRNAs encode various components of
signal transduction pathways. For example, miR1432 was
predicted to target EF-hand family proteins. The EF-hand
domain can bind a single Ca
2+ molecule, which mediates
signal transduction pathways in plants (Lu et al., 2008;
Sunkar et al., 2008). The prediction of the Ca
2+ signal
transduction component suggested a role for miR1432 in
Ca
2+ signalling and a link between Cd and Ca signalling.
In addition, miR390 was predicted to target an LRR-like
protein kinase (RLK) (LOC_Os02g10100). The RLK gene
was previously experimentally veriﬁed to be the target of
miR390 by 5’ rapid ampliﬁcation of cDNA ends (RACE;
Sunkar et al., 2005). LRR-RLKs contain an extracellular
LRR and a Ser/Thr kinase domain, and can activate
a complex array of intracellular signalling pathways in
response to various plant environmental and developmen-
tal signals (Tichtinsky et al., 2003; Osakabe et al., 2005).
Plant LRR-RLKs were reported to be involved in multiple
processes: ERECTA, HAESA, and CLV1 in development;
Xa21 in disease resistance; brassinosteroid-insensitive-1
(BRI1) in steroid hormone signalling; and RPK1 in ABA
signal transduction (Friedrichsen et al.,2 0 0 0 ; Osakabe
et al.,2 0 0 5 ). However, LRR-RLK-mediated pathway(s)
involved in heavy metal tolerance have not been well
understood in plants. In the present study, expression of
RLK in rice seedlings exposed to Cd was negatively
regulated by miR390 (Fig. 3C). The results conﬁrmed that
this kinase gene was targeted by miR390 and indicated
that the RLK cascade(s) might function in Cd signalling in
rice. Further research on LRR-RLK cascades in rice will
promote understanding of the signalling pathways under
heavy metal stresses.
Conclusion
In the present study, miRNA microarrays were used to
proﬁle the expression patterns of annotated miRNAs
(miRBase Release 11.0; http://www.mirbase.org/) in rice
roots under Cd stress, leading to the identiﬁcation of 19
Cd-responsive miRNAs. Among them, 18 miRNAs were
down-regulated and only miR528 was up-regulated under
Cd stress. Target gene prediction and metal stress-responsive
cis-element analysis of the Cd-responsive miRNA promoters
3570 | Ding et al.provided further evidence for the potential involvement of
these miRNAs in response to Cd stress. The data set of the
identiﬁed Cd-responsive miRNAs is potentially important
for additional characterization of the molecular mechanisms
underlying Cd tolerance in rice. However, further functional
analysis of Cd-responsive miRNAs is required to conﬁrm
their function in heavy metal tolerance in plants.
Supplementary data
Supplementary data are available at JXB online.
Figure S1. RT-PCR analysis of the pre-miRNAs.
Figure S2. Promoters of osa-miRNAs.
Table S1. Cd-responsive miRNAs by microarray analysis.
Table S2. The stem–loop RT-PCR primer sequences.
Table S3. Primers of RT-PCR for pre-miRNAs.
Table S4. MREs in the promoters of osa-miRNAs.
Table S5. Analysis of the stress-related cis-elements of the
six Cd-responsive miRNAs.
Acknowledgements
This work was supported by Zhejiang Provincial Natural
Science Foundation of China [Z3100327], the National
Nature Science Foundation of China [31071348], the State
Key Laboratory of Rice Biology, China National Rice
Research Institute [090102], and the 2009 Zhejiang
Innovation Program for Graduates. The authors thank
Dr Yijun Meng (College of Life Sciences, Zhejiang Univer-
sity) for his efforts in improving the language of this article.
References
Agalou A, Purwantomo S, Overna ¨sE ,et al. 2008. A genome-wide
survey of HD-Zip genes in rice and analysis of drought-responsive
family members. Plant Molecular Biology 66, 87–103.
Apel K, Hirt H. 2004. Reactive oxygen species: metabolism, oxidative
stress, and signal transduction. Annual Review of Plant Biology
55, 373–399.
Aukerman MJ, Sakai H. 2003. Regulation of ﬂowering time and ﬂoral
organ identity by a microRNA and its APETALA2-like target genes. The
Plant Cell 15, 2730–2741.
Bartel DP. 2004. MicroRNAs: genomics, biogenesis, mechanism, and
function. Cell 116, 281–297.
Carrington JC, Ambros V. 2003. Role of microRNAs in plant and
animal development. Science 301, 336–338.
Chen C, Ridzon DA, Broomer AJ, et al. 2005. Real-time
quantiﬁcation of microRNAs by stem–loop RT–PCR. Nucleic Acids
Research 33, e179.
Chiou TJ, Aung K, Lin SI, Wu CC, Chiang SF, Su Cl. 2006.
Regulation of phosphate homeostasis by microRNA in Arabidopsis.
The Plant Cell 18, 412–421.
Clemens S. 2001. Molecular mechanisms of plant metal tolerance
and homeostasis. Planta 212, 475–486.
Cobbett C, Goldsbrough P. 2002. Phytochelatins and
metallothioneins: roles in heavy metal detoxiﬁcation and homeostasis.
Annual Review of Plant Biology 53, 159–182.
Dai M, Hu Y, Ma Q, Zhao Y, Zhou DX. 2008. Functional analysis of
rice HOMEOBOX4 (Oshox4) gene reveals a negative function
in gibberellins responses. Plant Molecular Biology 66, 289–301.
Dietz KJ, Baier M, Kramer U. 1999. Free radicals and
reactive oxygen species as mediators of heavy metal toxicity in plants.
In: Prasad MNV, Hagemeyer J, eds. Heavy metal stress in plants:
from molecules to ecosystems. Berlin: Springer-Verlag, 73–97.
Ding YF, Zhu C. 2009. The role of microRNAs in copper and
cadmium homeostasis. Biochemical and Biophysical Research
Communications 386, 6–10.
Dolferus R, Jacobs M, Peacock WJ, Dennis ES. 1994. Differential
interactions of promoter elements in stress responses of the
Arabidopsis Adh gene. Plant Physiology 105, 1075–1087.
Friedrichsen DM, Joazeiro CA, Li J, Hunter T, Chory J. 2000.
Brassinosteroid-insensitive-1 is a ubiquitously expressed leucine-rich
repeat receptor serine/threonine kinase. Plant Physiology
123, 1247–1256.
Fujii H, Chiou TJ, Lin SI, Aung K, Zhu JK. 2005. A miRNA involved
in phosphate-starvation response in Arabidopsis. Current Biology
15, 2038–2043.
Guo HS, Xie Q, Fei JF, Chua NH. 2005. MicroRNA directs mRNA
cleavage of the transcription factor NAC1 to downregulate auxin
signals for Arabidopsis lateral root development. The Plant Cell
17, 1376–1386.
Hall JL. 2002. Cellular mechanisms for heavy metal detoxiﬁcation and
tolerance. Journal of Experimental Botany 53, 1–11.
Hawker NP, Bowman JL. 2004. Roles for class III HD-Zip and
KANADI genes in Arabidopsis root development. Plant Physiology
135, 2261–2270.
Henriksson E, Olsson ASB, Johannesson H, Johansson H,
Hanson J, Engstro ¨mP ,S o ¨derman E. 2005. Homeodomain leucine
zipper class I genes in Arabidopsis. Expression patterns and
phylogenetic relationships. Plant Physiology 139, 509–518.
Huang SQ, Peng J, Qiu CX, Yang ZM. 2009. Heavy metal-regulated
new microRNAs from rice. Journal of Inorganic Biochemistry
103, 282–287.
Huang SQ, Xiang AL, Che LL, Chen S, Li H, Song JB, Yang ZM.
2010. A set of miRNAs from Brassica napus in response to sulphate-
deﬁciency and cadmium stress. Plant Biotechnology Journal
8, 887–899.
Jones-Rhoades MW, Bartel DP. 2004. Computational identiﬁcation
of plant microRNAs and their targets, including a stress-induced
miRNA. Molecular Cell 14, 787–799.
Jones-Rhoades MW, Bartel DP, Bartel B. 2006. MicroRNAs and
their regulatory roles in plants. Annual Review of Plant Biology
57, 19–53.
Kasuga M, Liu Q, Miura S, Yamaguchi-Shinozaki K,
Shinozaki K. 1999. Improving plant drought, salt, and freezing
tolerance by gene transfer of a single stress-inducible transcription
factor. Nature Biotechnology 17, 287–291.
Microarray-based analysis of cadmium-responsive microRNAs in rice | 3571Kuo MH, Nadeau ET, Grayhack EJ. 1997. Multiple phosphorylated
forms of the Saccharomyces cerevisiae Mcm1 protein include an
isoform induced in response to high salt concentrations. Molecular
and Cellular Biology 17, 819–832.
Lescot M, De ´hais P, Thijs G, Marchal K, Moreau Y, Van de
Peer Y, Rouze ´ P, Rombauts P. 2002. PlantCARE, a database of
plant cis-acting regulatory elements and a portal to tools for in silico
analysis of promoter sequences. Nucleic Acids Research
30, 325–327.
Liu H, Tian X, Li Y, Wu CA, Zheng C. 2008. Microarray-based
analysis of stress-regulated microRNAs in Arabidopsis thaliana.
RNA 14, 836–843.
Liu Q, Zhang YC, Wang CY, Luo YC, Huang QJ, Chen SY,
Zhou H, Qu LH, Chen YQ. 2009. Expression analysis of
phytohormone-regulated microRNAs in rice, implying their
regulation roles in plant hormone signaling. FEBS Letters 583,
723–728.
Lozano R, Angosto T, Go ´mez P, Paya ´n C, Capel J, Huijser P,
Salinas J, Martı ´nez-Zapater LM. 1998. Tomato ﬂower abnormalities
induced by low temperatures are associated with changes of
expression of MADS-box genes. Plant Physiology 117, 91–100.
Lu C, Jeong DH, Kulkarni K, et al. 2008. Genome-wide analysis for
discovery of rice microRNAs reveals natural antisense microRNAs (nat-
miRNAs). Proceedings of the National Academy of Sciences USA
105, 4951–4956.
Lu S, Sun YH, Shi R, Clark C, Li L, Chiang VL. 2005. Novel and
mechanical stress-responsive microRNAs in Populus trichocarpa that
are absent from Arabidopsis. The Plant Cell 17, 2186–2203.
Meng Y, Huang F, Shi Q, Cao J, Chen D, Zhang J, Ni J, Wu P,
Chen M. 2009. Genome-wide survey of rice microRNAs and
microRNA–target pairs in the root of a novel auxin-resistant mutant.
Planta 230, 883–898.
Osakabe Y, Maruyama K, Seki M, Satou M, Shinozaki K,
Yamaguchi-Shinozaki K. 2005. Leucine-rich repeat receptor-like
kinase1 is a key membrane-bound regulator of abscisic acid early
signaling in Arabidopsis. The Plant Cell 17, 1105–1119.
Palatnik JF, Allen E, Wu X, Schommer C, Schwab R,
Carrington JC, Weigel D. 2003. Control of leaf morphogenesis by
microRNAs. Nature 425, 257–263.
Pinto AP, Mota AM, De Varennes A, Pinto FC. 2004. Inﬂuence of
organic matter on the uptake of cadmium, zinc, copper and iron by
sorghum plants. Science of the Total Environment 326, 239–274.
Prigge MJ, Otsuga D, Alonso JM, Ecker JR, Drews GN,
Clark SE. 2005. Class III homeodomain-leucine zipper gene family
members have overlapping, antagonistic, and distinct roles in
Arabidopsis development. The Plant Cell 17, 61–76.
Qi X, Zhang Y, Chai T. 2007. Characterization of a novel plant
promoter speciﬁcally induced by heavy metal and identiﬁcation of the
promoter regions conferring heavy metal responsiveness. Plant
Physiology 143, 50–59.
Reinhart BJ, Weinstein EG, Rhoades MW, Bartel B, Bartel DP.
2002. MicroRNAs in plants. Genes and Development 16, 1616–1626.
Rhoades M, Reinhart B, Lim L, Burge C, Bartel B, Bartel D.
2002. Prediction of plant microRNA targets. Cell 110, 513–520.
Rodriguez-Serrano M, Romero-Puertas MC, Pazmino DM,
Testillano PS, Risueno MC, del Rio LA, Sandalio LM. 2009.
Cellular response of pea plants to cadmium toxicity: cross talk
between reactive oxygen species, nitric oxide, and calcium. Plant
Physiology 150, 229–243.
Sandalio LM, Dalurzo HC, Gomez M, Romero-Puertas MC, del
Rio LA. 2001. Cadmium-induced changes in the growth and oxidative
metabolism of pea plants. Journal of Experimental Botany
52, 2115–2126.
Sanita ` di Toppiand L, Gabbrielli R. 1999. Response to cadmium in
higher plants. Environmental and Experimental Botany 41, 105–130.
Schwab R, Palatnik JF, Riester M, Schommer C, Schmid M,
Weigel D. 2005. Speciﬁc effects of microRNAs on the plant
transcriptome. Developmental Cell 8, 517–527.
Schu ¨tzendu ¨bel A, Polle A. 2002. Plant responses to abiotic stress:
heavy metal induced oxidative stress and protection by
mycorrhization. Journal of Experimental Botany 53, 1351–1365.
Schu ¨tzendu ¨bel A, Schwanz P, Teichmann T, Gross K,
Langenfeld-Heyser R, Godbold DL, Polle L. 2001. Cadmium-
induced changes in antioxidative systems, hydrogen peroxide content,
and differentiation in Scots pine roots. Plant Physiology 127, 887–898.
Searle PF, Stuart GW, Palmiter RD. 1987. Metal regulatory
elements of the mouse metallothionein-I gene. Experientia
Supplementum 52, 407–414.
Sire C, Moreno AB, Garcia-Chapa M, Lopez-Moya JJ, San
Segundo B. 2009. Diurnal oscillation in the accumulation of
Arabidopsis microRNAs, miR167, miR168, miR171 and miR398.
FEBS Letters 583, 1039–1044.
Siripornadulsil S, Train S, Verma DPS, Sayre RT. 2002. Molecular
mechanisms of proline-mediated tolerance to toxic heavy metals in
transgenic microalgae. The Plant Cell 14, 2837–2847.
Stuart GW, Searle PF, Palmiter RD. 1985. Identiﬁcation of multiple
metal regulatory elements in mouse metallothionein-I promoter by
assaying synthetic sequences. Nature 317, 828–831.
Sunkar R, Girke T, Jain PK, Zhu JK. 2005. Cloning and
characterization of microRNAs from rice. The Plant Cell 17, 1397–1411.
Sunkar R, Kapoor A, Zhu JK. 2006. Posttranscriptional induction of
two Cu/Zn superoxide dismutase genes in Arabidopsis is mediated by
down-regulation of miR398 and important for oxidative stress
tolerance. The Plant Cell 18, 2051–2065.
Sunkar R, Zhou XF, Zheng Y, Zhang WX, Zhu JK. 2008.
Identiﬁcation of novel and candidate miRNAs in rice by high
throughput sequencing. BMC Plant Biology 8, 25.
Sunkar R, Zhu JK. 2004. Novel and stress-regulated microRNAs and
other small RNAs from Arabidopsis. The Plant Cell 16, 2001–2019.
Thomine S, Wang R, Ward JM, Crawford NM, Schroeder JI.
2000. Cadmium and iron transport by members of a plant metal
transporter family in Arabidopsis with homology to Nramp genes.
Proceedings of the National Academy of Sciences USA 97,
4991–4996.
Tichtinsky G, Vanoosthuyse V, Cock JM, Gaude T. 2003. Making
inroads into plant receptor kinase signalling pathways. Trends in Plant
Science 8, 231–237.
3572 | Ding et al.Vaucheret H, Mallory AC, Bartel DP. 2006. AGO1 homeostasis
entails coexpression of MIR168 and AGO1 and preferential
stabilization of miR168 by AGO1. Molecular Cell 22, 129–136.
Vazquez F, Gasciolli V, Crete P, Vaucheret H. 2004. The nuclear
dsRNA binding protein HYL1 is required for microRNA accumulation
and plant development, but not posttranscriptional transgene
silencing. Current Biology 14, 346–351.
Xie FL, Huang SQ, Guo K, Xiang AL, Zhu YY, Nie L, Yang ZM.
2007. Computational identiﬁcation of novel microRNAs and targets in
Brassica napus. FEBS Letters 581, 1464–1474.
Zhang W, Ruan J, Ho T, You Y, Yu T, Quatrano RS. 2005. Cis-
regulatory element based targeted gene ﬁnding: genome-wide
identiﬁcation of abscisic acid- and abiotic stress responsive genes in
Arabidopsis thaliana. Bioinformatics 21, 3074–3081.
Zhang Y. 2005. miRU: an automated plant miRNA target prediction
server. Nucleic Acids Research 33, w701–w704.
Zhang ZX, Wei LY, Zou XL, Tao YS, Liu ZJ, Zheng YL. 2008.
Submergence-responsive microRNAs are potentially involved in the
regulation of morphological and metabolic adaptations in maize root
cells. Annals of Botany 102, 509–519.
Zhao BT, Liang RQ, Ge LF, Li W, Xiao HS, Lin H, Ruan K, Jin YX.
2007. Identiﬁcation of drought-induced microRNAs in rice. Biochemical
and Biophysical Research Communications 354, 585–590.
Zhou X, Ruan J, Wang G, Zhang W. 2007. Characterization and
identiﬁcation of microRNA core promoters in four model species. PLoS
Computational Biology 3, e37.
Zhou ZS, Huang SQ, Yang ZM. 2008. Bioinformatic identiﬁcation
and expression analysis of new microRNAs from. Medicago
truncatula. Biochemical and Biophysical Research Communications
374, 538–542.
Microarray-based analysis of cadmium-responsive microRNAs in rice | 3573